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Abstract
Objective: This study has analyzed the performance of Ni and Ni-Rh catalysts based on MgO/g-Al2O3 in the process of dry 
reforming of methane (DRM). Methods/Statistical Analysis: The samples were prepared using the incipient wetness 
impregnation method and were characterized by N2 adsorption, X-ray diffraction (XRD), temperature-programmed 
reduction (TPR), diffuse reflectance spectroscopy (DRS), surface acidity, X-ray photoelectron spectroscopy (XPS), thermal 
gravimetric analysis (TGA), and Raman spectroscopy. The catalysts were reduced with hydrogen and measured in the 
reaction of CH4 with CO2 at two CH4/CO2 ratios. Findings: The 0.5% Rh addition to Ni/MgO-g-Al2O3 improves the activity 
and the stability for this process. In the bimetallic catalysts, the reduction temperature of the active phase decreases due 
to the hydrogen spillover mechanism from the noble metal to the catalyst surface, which favors their catalytic activity. On 
the other hand, the interaction between Rh and the support would be the cause for the better performance of bimetallic 
catalysts. The Rh-Ni/MgO-g-Al2O3 catalyst is the most active, indicating that the impregnation order affects the catalytic 
behavior. Improvements/Applications: This study gives promising results for this type of catalyst, also showing the effect 
of the catalyst preparation on the activity and its relationship with deactivation by coke.
Keywords: Dry Reforming of Methane, Oxides, Rh-Ni Catalysts, Raman Spectroscopy and Scattering, Surface Properties
1. Introduction
Methane dry reforming is a very important reaction 
because it synthesizes gas with a H2/CO ratio near the 
unit. This value is the adequate for the synthesis of valu­
able hydrocarbons for the industry. This process is very 
important from the environmental point of view, because 
both CH4 and CO2 are undesirable greenhouse gases that 
may be converted into products of industrial interest.
The catalysts most commonly used in this process are 
Ni catalysts due to their high availability and low cost, but 
they involve catalyst deactivation. It is known that car­
bon deposition and the sintering of metal particles on 
these catalysts have a noticeable negative effect on their 
catalytic behavior, which are the causes of catalyst deac­
tivation. With respect to these problems, some papers1-3 
has indicated that the catalytic performance of Ni-based 
catalysts is improved by the addition of alkaline-earth or 
rare-earth metal oxides. Several authors have reported 
that the alkaline MgO support favors CO2 absorption 
improving carbon resistance4-6, it is known that the inter­
action of Ni+2 with the g-Al2O3 affects catalyst reducibility 
and stability. This property of Ni catalysts is modified 
by the addition of small amounts of noble metal, in par­
ticular Rh or Pt7,8. Different authors9-11 suggested that the 
performance of rhodium catalysts is mainly determined 
by accessible surface Rh atoms that catalyze methane 
decomposition followed by CO2 reduction. On the other 
hand the addition of Rh favored the reducibity the NiMgO 
catalyst12.
On these bases, this work analyzes the effects pro­
duced by the promotion of the Ni active phase by small 
Rh amounts, the modification of g-Al2O3 with MgO, and 
the impregnation order of the active phase on the activ­
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ity, stability and carbon deposition during methane dry 
reforming.
2. Materials and Methods
2.1 Preparation of Catalysts
The modified support was synthesized by wetness impreg­
nation of g-Al2O3 (Rhône-Poulenc, Sg= 278 m2g-1, Vp= 
0.340 cm3g-1) with a Mg(NO3)2.6H2O solution (3 wt% 
MgO), previous drying at 100ºC, and calcination at 650ºC 
for 1 h. A series of bimetallic catalysts with 0.5 wt% Rh 
and 5 wt% Ni was prepared by wetness impregnation of 
the modified support (MgO-g-Al2O3) with aqueous solu­
tion of Ni(NO3)2 and RhCl3. First, the MgO-g-Al2O3 was 
impregnated with Rh and calcined at 650ºC for 1 h. Then, 
the Ni solution was added and it was calcined at 650ºC 
for 1 h. To compare the impregnation order of metals, 
another sample was prepared varying the addition order 
of metals; first, the MgO-g-Al2O3 was impregnated with 
Ni and calcined at 650ºC and then with Rh and calcined 
at 650ºC, thus obtaining the respective series of catalysts: 
Ni-Rh/MgO-Al2O3 and Rh-Ni/MgO-Al2O3. Monometallic 
catalysts were synthesized with the same technique. The 
catalysts were named M/Mg (x)Al (M=Rh,Ni), where x 
indicates the Mg content (wt%). Before reaction, the cata­
lysts were reduced with pure hydrogen at 650ºC for 1h at 
a heating rate of 10ºC/min.
2.2 Characterization of Catalysts
Samples were examined by N2 adsorption, XRD, TPR, 
DRS, surface acidity, XPS, TGA, and Raman spectroscopy 
to analyze their properties and their effect on the catalytic 
activity, focusing on deactivation problems.
N2 adsorption was carried out in ASAP 2020 
Micromeritics equipment by nitrogen adsorption at 
-196ºC. Previously, the samples were outgassed at 100ºC 
for 12 h. The specific surface area was calculated using the 
BET method, and the pore volume was registered at P/Pº 
= 0.98.
The crystalline species were identified by XRD using 
Philips PW 1740 equipment, with CuKa radiation, oper­
ated at 40 kV and 20 mA. The range studied was 5º–70º, 
and the scan speed was 2º/min. Before characteriza­
tion, the catalysts were reduced in hydrogen stream. The 
reducibility of samples was analyzed in TPR home- maid 
equipment with a TCD detector, using 100 mg of sample. 
In the experiments 10% H2 in N2 used was, and the heating 
rate was 10ºC/min from 50ºC to 900ºC. DRS spectra were 
obtained in UV-VIS Varian Spectrophotometer, with a 
diffuse reflectance chamber with integrating sphere. The 
range studied was 200–800 nm using BaSO4 as reference.
The acid properties of the samples were determinated 
by potentiometric titration with n-butylamine. A known 
amount of catalyst was suspended in acetonitrile with 
stirring. Subsequently, this suspension was titrated with 
a 0.025N n-butylamine solution in acetonitrile at a flow 
rate of 0.05 ml/min. The electrode potential variation was 
measured with a digital Instrumentalia pH-meter, using 
an Ag/AgCl electrode. XPS analyses were performed in 
multi-technique equipment (UniSpecs) with a dual X-ray 
source of Mg/Al and hemispherical analyzer PHOIBOS 
150 in the fixed analyzer transmission (FAT) mode.
Samples were previously treated with a H2/Ar mixture 
at 400ºC for 10 min in the pretreatment chamber. These 
are the maximum temperature and time conditions per­
mitted by the instrument. Spectra were obtained using 
an Mg anode operated at 200 W. The pressure during 
measurements was lower than 5x10-8 mbar. The binding 
energy of the C1s peak at 284.6eV was taken as reference.
Catalytic runs were conducted in a fixed-bed quartz 
reactor at 650°C and atmospheric pressure under chemi­
cal control conditions. The tubular reactor (Ө = 8 mm) 
was charged with 0.03 g of sample. The total gas flow was 
of 100 cm3/min (CH4:CO2:He = 7:14:79). Catalytic stabil­
ity tests were carried out for 20 h with a CH4/CO2 = 0.5 
ratio at 650ºC. Under these conditions the spontaneous 
carbon deposition is inhibited. Catalytic tests at the same 
conditions feeding the reactor with a total flow of 100 
cm3/min (CH4:CO2:He = 18:15:67) and CH4/CO2 ratio of 
1.2 were performed to analyze carbon deposition.
Reactants were analyzed in Perkin-Elmer Sigma 1 gas 
chromatograph at 40ºC through a column packed with 
Porapack Q, using a TCD and helium as carrier gas (20 
cm3/min). The mixture components, CO, H2, CH4, and 
CO2, were separated under these conditions. The water 
contained in the stream was retained by a silica gel column.
The type and the percentage of carbon accumulated 
on the catalysts after 20 h on stream were determined by 
TGA and Raman spectroscopy. The thermogravimetric 
analysis was carried out in a Shimadzu TG 50 thermo bal­
ance under air stream at a heating rate of 20°C/min from 
room temperature to 900ºC.
The Raman spectra were obtained with Via Renishaw 
spectrometer equipped with CCD detector and using an 
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excitation wavelength of 488.0 nm of an Ar+ laser. The 
different spectroscopic parameters were determined after 
background subtraction by a curve fitting procedure with 
mixed Gaussian–Lorentzian functions using variable 
positions, FWHM, and intensities.
3. Results and Discussion
3.1. Textural Properties
Table 1 summarizes the SBET and pore volume of the sup­
ports, fresh and used catalysts, to analyze the effect of 
promoter addition. The results show that MgO addition 
significantly decreases γ-Al2O3 surface area, which can 
be associated to the collapse of the MgO-γ-Al2O3 support 
during the precalcination at high temperature. However, 
after impregnation with MgO-Al2O3 and calcinations, 
only a slight decrease in the specific surface area of the 
materials was observed. Therefore, the textural param­
eters of fresh catalysts reduced at 650ºC were defined by 
the MgO-Al2O3 modified support. On the other hand, the 
surface area and pore volume of used samples were lower 
than that of fresh catalysts.
Table 1. Morphological Properties of Catalysts
Materials Sg(m2/g) Vp(cm3/g)
g- Al2O3 278 0.334
MgO(3)/g-Al2O3 193 0.334
Ni(5)/g-Al2O3 (fresh) 187 0.360
Ni(5)/Mg(3)-g-Al2O3 (fresh) 179 0.320
Ni(5)/Mg(3)-g-Al2O3 (used) 142 0.291
Ni(5)-Rh(0,5)/Mg(3)g-Al2O3
(fresh)
179 0.323
Ni(5)-Rh(0,5)/Mg(3)-g-Al2O3
(used)
157 0.304
Rh(0,5)-Ni(5)/Mg(3)-g-Al2O3
(fresh)
178 0.318
Rh(0,5)-Ni(5)/Mg(3)-g-Al2O3
(used)
152 0.306
3.2. X-Ray Diffraction
Figure 1 shows the XRD patterns of reduced catalysts and 
the modified support. The XRD analysis of the modi­
fied support calcined at 650ºC revealed the presence of 
g-Al2O3 (JCPDS 29-0063) and MgO (JCPDS 4-0829). In 
this sample, it is difficult to identify MgAl2O4 as a compo­
nent of the modified support because peaks overlap each 
other. XRD profiles of all reduced catalysts showed char­
acteristic peaks at 44.5° and 51.2° attributed to Ni° (JCPDS 
4-0850). Characteristic Rh peaks were not observed in 
any of the catalysts probably due to the low metal content.
2θ
Figure 1. XRD patterns of Reduced Catalyst.
3.3. Temperature-Programmed Reduction 
TPR experiments were performed to study the reduc- 
ibility of the active phase in order to correlate the species 
present in these samples with the catalytic properties 
for the DRM reaction. Figure 2 depicts the TPR profiles 
obtained for the catalysts. The monometallic Ni/Mg(3) 
Al catalyst (Figure 2A) shows a reduction peak at 774ºC, 
attributed to the reduction of NiO with an strong interac­
tion with the support. This interaction could be produced 
by a solid solution between NiO and the surface support, 
forming a Ni aluminate. Additionally, two signals at low 
temperature were assigned to the reduction of NiO to Niº 
and to the reduction of Ni interacting with the support. In 
the TPR profile of NiRh/Mg(3)Al sample (Figure 2B) two 
wide bands with Tmax at 500 and 750 ºC were observed. 
These signals could be assigned to the reduction of NiO 
interacting with the alumina and to reduction of MgO- 
NiO solid solution, as in the case of the monometallic 
sample13. In addition, a defined peak was observed at 
240ºC, attributed to the reduction of Rh and Ni oxidized 
species.
The RhNi/Mg(3)Al catalyst, which was first impreg­
nated with Ni (Figure 2C) presents a region containing 
two peaks of low intensity below 400ºC and a large peak at 
500ºC with a wide shoulder at higher temperature. Signals 
at low temperature could be assigned to the reduction of 
metallic oxidized species.
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Temperature(°C)
Figure 2. TPR Patterns of the Catalysts Calcined at 650ºC.
In both bimetallic catalysts, the peak at 500ºC shifts 
to lower temperature with respect to the monometallic 
sample. This decrease of the reduction temperature can be 
related to the presence of Rh, which promotes the reduc- 
ibility of the catalyst by a hydrogen spillover mechanism 
from the noble metal to the bimetallic catalyst surface13-15.
As the MgO content increases to 5 wt% (TPR not 
shown), both bimetallic catalysts show a stronger interac­
tion between nickel oxide and the support. In the RhNi 
sample, a peak at 870ºC and a shoulder at lower tempera­
ture are observed. The peak above 800ºC is indicative 
of the strong metal-support interaction of NiO species 
with the support16. In the NiRh sample, a peak appears 
at around 750ºC. The Ni reduction in either MgAl2O4 or 
NiAl2O4 spinel may occur at about 750ºC17,18. It has been 
reported that the relatively stable form of MgAl2O4 pre­
vents the formation of an inactive NiAl2O4 compound17.
Wavelength(nm)
Figure 3. DRS Spectra of Unreduced Samples.
3.4. DRS Analysis
UV-Vis spectra of unreduced catalysts are shown in 
Figure 3. All samples show an absorption band at 380 
nm, which can be attributed to d-d transitions of Ni(II) 
with octahedral symmetry in NiO. In addition, all sam­
ples present slight absorption bands between 590 and 640 
nm, which can be attributed to transition d-d bands cor­
responding to Ni with octahedral symmetry in NiAl2O4. 
According to the results, it is possible to state that these 
samples are composed mainly of NiO and slightly of 
NiAl2O4. Probably, the presence of MgAl2O4 is responsible 
for the low NiAl2O4 concentration.
3.5. Surface Acidity
In order to estimate the acid properties of the catalysts, 
the potentiometric method with NBTA was used. In this 
titration, the initial electrode potential (E) indicates the 
strength of acid sites. In particular a sample with E < 
-100mV presents very weak sites.
The potentiometric titration curves in Figure 4 show 
the different acid-base properties of the catalysts stud­
ied. This figure also shows the effect of the impregnation 
order in bimetallic catalysts on the Lewis basicity of the 
samples under study. The Rh-Ni/MgAl catalyst presents 
the highest Lewis basicity if compared with the Ni/MgAl 
and Ni-Rh/MgAl samples. This property of the catalysts 
is of vital importance for their performance in the meth­
ane dry reforming process. Several authors have noted 
that carbon deposition can be attenuated by the basic 
strength of catalysts; therefore, the Rh-Ni/MgAl catalyst 
is expected to present the highest performance19-21.
Figure 4. Potentiometric Titration Curves of Unreduced 
Samples.
3.6. XPS Analysis
In order to obtain information about the oxidation state 
of elements and surface composition, the catalysts were 
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analyzed by XPS. Samples were treated under H2 flow at 
650oC for 1 h and in the XPS equipment prechamber at 
400ºC; it is directly connected to the spectra acquisition 
chamber in order to avoid oxidation on the surface of 
metallic species during sample handling.
Figure 5 illustrates the spectra of the Ni 2p region 
for monometallic and bimetallic reduced catalysts. Two 
Ni species were detected for all samples; one at 852.2 eV 
related to Niº and the other at 855.7 eV corresponding 
to Ni+2 22,23, with a satellite signal at 861.9eV assigned to 
typical nickel species characteristic of NiAl2O4 spinel24,25.
Figure 5. XPS Ni 2p Spectra of Reduced Catalyst.
These results would reveal that the surfaces of samples 
are not completely reduced after the reduction treatment. 
However, the Niº fraction in the bimetallic catalysts is 
higher than in monometallic samples. This is in agree­
ment with TPR, which indicates that Rh addition favors 
the reducibility of Ni oxide to Niº. The deconvolution 
analysis of Ni 2p spectra shows that Ni+2 reducibility is 
increased by the addition of noble metal, from 22% for Ni 
to 37% and 70% for NiRh and RhNi, respectively.
In the Ni-Rh/MgAl catalyst, the spectra correspond­
ing to the Rh 3d of bimetallic catalysts present two signals 
corresponding to Rhº 3d3/2 (306.1 eV) and Rhº 3d5/2 (311.4 
eV)24-26, and other peaks at 310.2 and 313.1 eV is corre­
sponding to both oxidized Rh+n species.
For the Rh-Ni/MgAl sample, two signals associated 
with Rhº (306.5 and 311.3 eV) were recorded, but no sig­
nals related to oxidize Rh were observed27. XPS analyses 
of RhNi/MgAl showed higher abundance of surface in 
Rhº species.
The surface atomic ratios of the different species are 
listed in Table 2. These results show that Rh addition 
increases Ni surface distribution.
Table 2. XPS Data of Mono- and Bi-Metallic Catalysts. 
Atomic Ratio.
Catalyst (Ni/Mg+Al) (Rh/Mg+Al)
Ni / Mg-Al 0.055
Ni-Rh/Mg-Al 0.063 0.00189
Rh-Ni/Mg-Al 0.065 0.00200
3.7. Catalytic Activity and Selectivity
In order to compare the reforming activity of different 
materials, experiments were carried out at 650ºC with the 
same space velocity and feed composition. The catalytic 
properties of mono- and bi-metallic samples with Rh (0.5 
wt%) and Ni (5 wt%) promoted with MgO(3 %wt) and 
calcined at 650ºC were evaluated in the methane reform­
ing with CO2 at 650ºC and CH4/CO2 = 0.5 molar ratio. 
Previously, the catalysts were treated under H2 flow for 1 
h at reaction temperature. The results of CH4 conversion 
in the catalyst reaches a conversion constant are shown in 
Figure 6. By comparing monometallic and bimetallic cat­
alysts, the results of reducibility suggest that the activity 
increases in bimetallic catalysts and can be related to the 
different reducibility of Ni due to the presence of Rh. In 
this sense, a synergistic phenomenon between Ni and Rh 
has been reported by others12,26,28 and has been attributed 
to the promotion of Ni+2 reduction by hydrogen spillover 
from Rh.
Figure 6. Methane Conversion at 650ºC and CH4/CO2 : 0.5 
Ratio for Different Catalysts.
On the other hand, it is known that the reduction 
degree of the catalysts is an important factor affecting 
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their activity. In the case of RhNi/MgAl catalyst, the 
reduction degree probably increased, as confirmed by the 
lower reduction temperature and higher area of the TPR 
reduction peak. This fact could explain the high perfor­
mance of this sample. For the case of NiRh/MgAl catalyst, 
the reduction temperature increased, therefore Ni+2 for­
mation on MgAl2O4 spinel decreased the reducibility of 
Ni+2 to Niº, affecting the catalytic activity. Finally, the bet­
ter behavior of the RhNi/MgAl catalyst with respect to the 
other samples is also associated with the greater content of 
active phase observed by XPS. Table 3 shows the selectiv­
ity to hydrogen expressed as the H2/CO molar ratio. For 
all catalysts, this ratio was lower than one. So it is possible 
to infer that under these conditions the RWGS reaction 
(CO2 + H2 « CO + H2O) was favored, leading to higher CO 
production. In addition, when the metallic active phase 
is supported on a metal oxide with strong Lewis basicity, 
the catalyst ability of CO2 increases, consequently the CO2 
can react with carbon to form CO, according to the reac­
tion CO2 + C « 2 CO. Both process produces to a lower 
H2/CO molar ratio. The Ni/MgAl catalyst exhibited the 
lowest H2/CO molar ratio, indicating the highest exten­
sion of both reactions.
Table 3. Selectivity to Hydrogen for the Catalysts at 
650°C
Catalyst H2/CO molar ratio
Ni / Mg-Al 0.57
Ni-Rh/Mg-Al 0.61
Rh-Ni/Mg-Al 0.76
3.8. Catalytic Deactivation
At industrial level, it is desirable to operate with a CH4/ 
CO2 ratio near the unit but, under this condition, carbon 
formation is thermodynamically favored. For this reason, 
the catalysts were tested at 650oC for 20 h using the CH4/ 
CO2 = 1.2 ratio to analyze carbon deposition. Figure 7 
shows methane conversion on the catalysts studied as a 
function of reaction time.
In bimetallic catalysts, catalytic tests showed a slight 
initial deactivation associated with carbon deposition. 
This behavior has been observed for RhNi/Al2O3 cata- 
lysts29. The Ni-MgAl catalyst also exhibited the same 
behavior. For this reason, the catalysts used were analyzed 
by TGO.
The amount of carbon accumulated on the used sam­
ples was measured by thermogravimetry in air stream at 
programmed temperature as is shown in Figure 8.
Figure 7. Methane Conversion at 650ºC and CH4/CO2:1.2 
Ratio.
Figure 8. DTGA of Catalysts under Air Stream after 20 h 
Reaction.
The thermogravimetric diagrams show two types of 
carbonaceous species. Their oxidation temperature starts 
at 400oC, reaching maximums at around 510 and 700 oC. 
The signal at 510ºC could be related to a surface carbon of 
whisker-filamentous type, and the signal at 700ºC would 
correspond to a graphite type30,31. The former can be 
responsible for the mechanical destruction of the catalyst 
structure, while the latter blocks active centers resulting 
in catalyst deactivation. Both species can produce an irre­
versible deactivation. Some authors reported that carbons 
named Cβ and Cγ are inactive species that show oxidation 
maximums at around 500 and 650 °C and are responsible 
for catalyst deactivation by carbon deposition20,32. The 
results obtained in terms of carbon content (Table 4) and 
in the determination of acid-base properties indicate that 
the Rh/Ni/MgAl catalyst is the one that presents the most 
basic strength and lowest carbon content. Several authors 
have reported that when the metal is supported on a metal 
oxide with strong Lewis basicity are observed changes in 
the carbon deposition. This behavior is due to increases in 
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the ability of catalysts to chemisorb CO2 in the reforming 
of CH4 with CO2, and these species react with carbon to 
form CO, resulting in a lower amount of carbon.
Table 4. Carbon Deposition at 650°C
Catalyst Cdep%(w/w)
Ni / Mg-Al 3.2
Ni-Rh/Mg-Al 4.3
Rh-Ni/Mg-Al 2.8
3.9. Raman Spectroscopy
In order to study carbon structures deposited on catalysts 
used in reaction, the Raman spectra of these samples were 
recorded.
The Raman spectra in Figure 9 of the catalysts have 
two main bands around 1346 cm-1 and 1520 cm-1, associ­
ated with carbon. The band at 1520 cm-1 gives information 
about the electronic properties of filamentous carbon, 
indicating the presence of ordered carbon.
Figure 9. Deconvoluted Raman Spectra of Catalysts 
Extracted from the Reactor.
The band at 1346 cm-1 is associated with defective 
polycrystalline graphite and disordered structures and het­
eroatoms. Furthermore, the two bands observed between 
2000 and 2300 cm-1 could be associated with structures 
presenting species of C≡C-type33. The Ni/MgAl catalyst 
has a band at 1620 cm-1, associated with the organiza­
tion degree of carbons. In addition, the absence of signals 
smaller than 300 cm-1 in the studied samples indicates the 
presence of multi-walled nanotubes (MWNT) as well as 
the appearance of a signal at around 1800 cm-1, indicating 
the presence of single-wall nanotubes (SWNT).
4. Conclusions
The promotion of Ni/MgO-g-Al2O3 catalyst with Rh 
improves its activity and stability for the methane reform­
ing with CO2 after 20 h. The Rh-Ni/MgAl catalyst was the 
most active, indicating that the impregnation order affects 
the behavior of bimetallic catalysts. The results show that 
the surface distribution of metals (Ni and Rh) and metal 
reducibility would be determined by the impregnation 
order that influences the interaction between the active 
phase and the support. Thus, if the Rh is impregnated at 
the end, this interaction is weaker and consequently, the 
reducibility and the activity of the sample increase.
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